ABSTRACT: Rock glaciers and large ice-debris complexes are common in many mountain ranges and are especially prominent in semi-arid mountains such as the Andes or the Tien Shan. These features contain a significant amount of ice but their occurrence and evolution are not well known. Here, we present an inventory of the ice-debris complexes for the Ak-Shiirak, Tien Shan's second largest glacierised massif, and a holistic methodology to investigate two characteristic and large ice-debris complexes in detail based on field investigations and remote sensing analysis using Sentinel-1 SAR data, 1964 Corona and recent high resolution stereo images. Overall, we found 74 rock glaciers and ice-debris complexes covering an area of 11.2 km 2 (3.2% of the glacier coverage) with a mean elevation of about 3950 m asl. Most of the complexes are located south-east of the main ridge of Ak-Shiirak. Ground penetrating radar (GPR) measurements reveal high ice content with the occurrence of massif debris-covered dead-ice bodies in the parts within the Little Ice Age glacier extent. These parts showed significant surface lowering, in some places exceeding 20 m between 1964 and 2015. The periglacial parts are characterised by complex rock glaciers of different ages. These rock glaciers could be remnants of debris-covered ice located in permafrost conditions. They show stable surface elevations with no or only very low surface movement. However, the characteristics of the fronts of most rock glacier parts indicate slight activity and elevation gains at the fronts slight advances. GPR data indicated less ice content and slanting layers which coincide with the ridges and furrows and could mainly be formed by glacier advances under permafrost conditions. Overall, the ice content is decreasing from the upper to the lower part of the ice-debris complexes. Hence, these complexes, and especially the glacier-affected parts, should be considered when assessing the hydrological impacts of climate change.
Introduction
Glacier melt water is of high importance for runoff, especially in arid and semi-arid regions of the globe such as large parts of the Andes or Central Asia (Barnett et al., 2005; Kaser et al., 2010; Bolch, 2017) . This is also true for the Aksu-Tarim catchment, a transboundary watershed between Kyrgyzstan and China located in Central Tien Shan, where previous studies estimate a glacial contribution to the overall runoff to be about 40% (Sorg et al., 2012) . Glaciers in Central Tien Shan are typically polythermal or even cold and surrounded by permafrost (Marchenko et al., 2007; Osmonov et al., 2013) . Hence, icecored moraines can be preserved in this permafrost environment when the debris cover is thicker than the active layer (Houmark-Nielsen et al., 1994) . Indeed, in Tien Shan several glaciers terminate into large moraine complexes which show geomorphological indicators of ice content, such as thermokarst-like depressions, ridges and furrows and a fresh, steep front which are typical characteristics of rock glaciers. Similar large complex ice-debris landforms are equally common in the dry Andes Falaschi et al., 2014; Monnier et al., 2014) but detailed investigations are still quite limited. Rock glaciers that interact with glaciers also exist in the European Alps although they are smaller in size (Kääb et al., 1997; Dusik et al., 2015; Bosson and Lambiel, 2016; Capt et al., 2016) .
Hence, glaciers and permafrost co-exist and their interactions are important to consider for the understanding of glacial and periglacial processes, the evolution of rock glaciers or other ice-debris complexes and for assessing their hydrological importance (Etzelmüller and Hagen, 2005; Haeberli, 2005) .
Recent work has provided more insights into the hydrological importance (Azocar and Brenning, 2010; Geiger et al., 2014; Jones et al., 2018) and especially internal structure of rock glaciers (Maurer and Hauck, 2007; Ribolini et al., 2010; Hausmann et al., 2012; Florentine et al., 2014; Monnier and Kinnard, 2015) , however, interactions between debris-covered glaciers and rock glaciers and the evolution of large ice-debris complexes are still poorly understood and opinions about the evolution of rock glaciers still diverge (Berthling, 2011; Dusik et al., 2015; Monnier and Kinnard, 2015; Bosson and Lambiel, 2016) .
The existence of large complex rock glaciers in the Tien Shan was already described during Soviet times, but only a few were investigated in detail, mainly located in the relatively well accessible Ile and Kungey Alatau in northern Tien Shan (Gorbunov et al., 1992; Gorbunov and Titkov, 1989) . Some information is also available for the arid Ak-Shiirak range in Central Tien Shan (Bondarev, 1963; Gorbunov and Titkov, 1989) .
We use the term 'ice-debris complex' for the complex debris landform close to the glaciers as they consist typically of several elements such as rock glaciers in various stages of activity, ice-cored moraines and also debris covered dead-ice bodies which show no signs of movement.
It could be assumed that the ice stored in these relatively large ice-debris complexes is a significant amount of the total ice storage. This was postulated for rock glaciers on the globe (Jones et al., 2018) and also for parts of the northern Tien Shan (Bolch and Marchenko, 2009 ) by simple assumptions but hardly confirmed by measurements. T. BOLCH ET AL.
The major aims of this study are therefore (a) to generate an inventory of ice-debris complexes for the Ak-Shiirak range (b) to investigate and discuss the geomorphological characteristics of two typical large ice-debris complexes in the AkShiirak range to shed light on the evolution of these complexes, and (c) to investigate the presence of subsurface ice for assessing the potential hydrological importance of ice-debris complexes in this region.
We therefore combine field investigations, such as geomorphological mapping and ground penetrating radar measurements, and different remote sensing-based analyses, such as differencing of digital elevation models (DEMs) to get information about surface elevation changes and analysis of spaceborne microwave data to investigate the activity of the different parts of the ice-debris complexes.
Study Area
The Ak-Shiirak range is located on a mountain plateau in Central Tien Shan of Kyrgyzstan (about 41°50'N; 78°25'E), delimited by the Terskey Alatoo range in the north and the Kokshaal-Too range in the south (Figure 1 ). The main ridges of Ak-Shiirak are orientated along a south-west to north-eastern axis and rise up to 5000 m above sea level (asl.) (Figure 1 ). Central Tien Shan ranges were formed between Late Oligocene and Pleistocene as a result of crustal shortening caused by the India-Eurasia collision (Trifonov et al., 2008) . The Ak-Shiirak consists mainly of shale, limestone and granite. The range is the second largest glacierised massif in the Tien Shan, comprising about 180 glaciers. The glacierised area is about 350 km 2 , most of which is covered by large valley glaciers . Several glacier surges were reported for this mountain range (Dolgushin and Osipova, 1975; Mukherjee et al., 2017) . The first information about 'buried dead-ice complexes' in Ak-Shiirak can be found in Bondarev (1963) . For such complexes, the author estimated a total surface area of 15 km 2 . Using aerial photography and field expeditions, a total of 50 rock glaciers in Ak-Shiirak covering 13.7 km 2 were found by Titkov (1985) , also described in Gorbunov and Titkov (1989) . The volume of these rock glaciers was estimated at 0.25 km 3 by these studies, 36 of which were attributed to 'active' forms with evidence of surface movement.
Two ice-debris complexes are investigated in detail in this study. The first complex, which is located below glacier No. 1 of Koindy basin (WGMS ID: SU5X14206001; unofficial name: Geologov glacier), is situated on a south-facing slope in the south-eastern part of the Ak-Shiirak (Figure 1(A) ). It extends more than 3 km, has a width of up to 900 m, and is characterised by different landform elements: several moraines originating below steep rock walls merge into a debris landform which eventually terminates in different rock glacier like tongues. Both lateral moraines consist of angular, blocky debris. The orographic left moraine is much wider and shows several ice cliffs. The rock glacier tongues exhibit furrows and ridges and steep, erosive slopes (Figures 1(A), 2(A) ).
The ice-debris complex below Chon-Saj glacier is located on a south-facing slope in the southern part of the Ak-Shiirak massif (Figure 1(B) ). It has a length of about 2.8 km, a maximum width of 600 m, and is mainly built up by relatively fine grained debris (5-20 cm; Figure 2 (B), (D)) as opposed to the Geologov ice-debris complex (Figure 2(C) ). The ice-debris complex originates as the extension of the orographic left moraine, in front of the glacier. The central part of the moraine complex is characterised by multiple thermokarst depressions where buried massive ice emerges. The complex terminates in a rock glacier like tongue, but with less steep frontal slopes as compared to the moraine complex at Geologov glacier (Figures 1(B) , 2(B)).
The study region shows a pronounced continental climate. Mean annual air temperature (MAAT) at the close-by (about 20 km north; see Figure 1 ) Tien Shan meteorological station (3614 m a.s.l.) was -7.4°C for the period 1930-2013. Annual precipitation is 311 mm (average over 1930-2013) with about two-thirds of it occurring between May and September. Bolch (2007) evaluated 16 climate stations in the Tien Shan and showed a clear temperature increase in the last century (0.8 K/100 y for the period 1900-2000), which became more pronounced in the second half of the last century (2 K/100 y . At the Tien Shan meteorological station, a warming trend of 0.79 K/100 y was calculated for the period 1930 (Giese and Moßig, 2004 Giese et al., 2007) . However, snow cover area did not show a significant trend during recent decades in the altitudinal ranges above 4000 m asl. (Peters et al., 2015) . Permafrost is expected to be widespread in the Ak-Shiirak range (Gorbunov et al., 1996; Marchenko et al., 2007) . Own ground temperature measurements were performed for the periods 20. 08.2012 until 31.08.2013 and 14.09.2014 until 25.07 .2016 using iButtons. These small devices have been proven to be suitable to measure ground surface temperatures in Alpine terrain (Gubler et al., 2011) . Measurements on a former medial moraine in front of the current glacier terminus (at around 4000 m asl.) revealed mean annual ground temperatures (MAGT) for a 1 year period from 20.8.2012 until 20.9.2013 of -5.9°C and -6 .1°C (at 10 and 50 cm depths, respectively). The MAGTs for the entire measuring period were slightly higher (-5.3°C and -5.5°C). At 50 cm depth, the lowest recorded temperatures were around -20°C and highest temperatures around 5°C (Figure 3) . Measurements with the same devices near the outflow (elevation 3850 m asl.) at 10 cm depth in front of the Geologov rock glacier front showed an average MAGT of 0.2°C and a zero curtain with a duration of 1 to 2 months in the thawing season (Figure 3 ). Although the measurement periods are too short and three measurements are too few to draw general conclusions, they support the expected occurrence of permafrost. In line with these observations, the global permafrost model by Gruber (2012) revealed permafrost in nearly all conditions for most of the study area (Figure 4 ).
Data and Methods
Remote sensing, DEM generation and calculation of surface elevation changes For delineation of the ice-debris complexes and generation of digital elevation models (DEMs), a SPOT6 stereo pair (spatial resolution 1.5 m [panchromatic] and 6 m [multispectral], covering the entire Ak-Shiirak range) and a Pléiades stereo scene (0.5 and 2 m, covering Koindy valley, including the two selected ice-debris complexes) were processed. Both scenes were tasked and then acquired on 1 October 2015. Three ground control points (GCPs) were measured in the field using an Ashtech GPS receiver (horizontal accuracy~1 m, vertical accuracy~3 m) in September 2015. Further GCPs were identified using the panchromatic band of an orthorectified Landsat OLI image (Level 1 T) acquired 2 October 2013. Similar Landsat images have been successfully used to obtain GCPs for DEM generation in high mountain terrain (Pieczonka et al., 2013 ). DEMs and orthoimages were then generated using Erdas Photogrammetry with a spatial resolution of 5 m (Pléiades) and 10 m (SPOT6). Three stereo pairs of Corona KH-4A data acquired in November 1964 were used to generate a DEM with a resolution of 10 m and subsequent orthoimages using the Remote Sensing Software Graz (RSG) (cf. Goerlich et al., 2017) . The quality of the DEMs was promising, but problems occurred especially in areas with low contrast such as steep slopes in shadow and bright snow covered areas, especially with the KH-4A DEM. Further problems with the KH-4A data were deviations at the overlapping parts at the edges of the DEM strips and strong tilts compared with the SPOT 6 and Pléiades DEMs. Therefore, we first removed the tilt based on a trend surface calculated from the stable terrain (cf. Pieczonka et al., 2013) and subsequently co-registered the KH-4A DEM to the SPOT6 DEM vertically and horizontally following Nuth and Kääb (2011) . All DEMs were resampled to 10 m for calculation of the surface elevation changes. Analysis of the stable terrain of the DEM difference grid around the ice-debris complexes revealed mean elevation differences of 0.02 m (0.2 m) with a standard deviation of 5.3 m (3.2 m) for Chon-Saj (for Geologov). The standard deviation is a possible measure of uncertainty (Höhle and Höhle, 2009 ). These simple statistics are conservative estimates of the uncertainty (Magnússon et al., 2016) , but are sufficient for our purpose as we do not want to assess the elevation changes in detail but rather to obtain a reasonable limit of detection as additional information for interpretation of the characteristics and changes of the ice-debris landforms.
Synthetic aperture radar (SAR) coherence images were calculated using the open source software SNAP. Coherence data can be used to identify which areas have maintained coherence between two successive acquisitions and are therefore stable, and which areas have lost coherence and have moved or deformed between acquisitions. Coherence data have previously been used to assist in identifying debris-covered glacier ice (Frey et al., 2012; Robson et al., 2015) . Two single look complexes (SLC) Sentinel-1 images acquired 5 and 17 August 2017 were co-registered using the SPOT6 DEM on the VV polarisations. The coherence was estimated using 10×10 range and 2×2 azimuth windows. The coherence image was then deburst, and multilooked to create approximately square pixels before being terrain corrected and projected to the same UTM Zone (44) as the images and generated DEMs. T. BOLCH ET AL.
Inventory of the ice-debris complexes
An inventory of ice-debris complexes was compiled based on satellite images. Ice-debris complexes in the Ak-Shiirak range were manually mapped following characteristic geomorphological criteria based on Barsch (1996) .
• Steep (> 30°) and relatively light-coloured front and side slopes.
• A darker, bouldery surface with furrows and ridges.
• The mean gradient of the upper surface is much less than that of the front and side slopes.
• The upper end may either grade into a steep talus slope or be a depression between the talus slope or the glacier and the ice-debris complex.
However, the delineation of ice-debris complexes using only remote sensing images is difficult; especially the separation of the upper part, as there is often a continuous transition to moraines or talus slopes.
For this task we used a SPOT5 scene (acquired on 25 September 2013), a Landsat 8 scene (acquired on 2 October 2013) and the 2015 SPOT6 and Pléiades data (which were obtained after the inventory generation) for verification. The multispectral Landsat 8 scene was pan-sharpened using the SPOT5 image (spatial resolution 5 m).
Ice-debris features were stored as polygons in an ArcGIS geodatabase. The following parameters were calculated: minimum altitude at the front, maximum altitude of the ice-debris complex, elevation range, length, maximum width, area, slope and aspect.
Mapped ice-debris complexes were compared with existing glacier inventories for the years 1964, 1980 and 2007 which are based on Corona KH-4, Hexagon KH-9 and Landsat data (Osmonov et al., 2013; Pieczonka and Bolch, 2015; Goerlich et al., 2017) .
Ground penetrating radar measurements
The internal structures of the ice-debris complexes were investigated using different ground penetrating radar (GPR) devices. GPR is based on the transmission and detection of electromagnetic radiation (Daniels, 2004) . A MALA Geoscience ProEx system with a 25 MHz unshielded rough terrain antenna and a fixed antenna spacing of 6.2 m was used. Measurements were taken in time triggered (every 0.5 s) Common Offset mode. To improve the signal-to-noise ratio, every GPR trace was stacked from 16 individual traces. Additional measurements were done using a 20 MHz monopulse VIRL-6 radar (Vasilenko et al., 2011 ) with a 12 m (6 m transmitter, 6 m receiver) antenna. Due to the rough and blocky environment, both GPR antennas had to be carried and could not be dragged on the surface most of the time, which led to a reduced signal transmission. To investigate the whole ice-debris complex, several longitudinal and cross profiles were taken on the rock glacier tongue, along the medial and lateral moraines as well as on the glacier ( Figure 5 ).
Standard post-processing filters were applied using the ReflexW software. In a first step, GPR profiles were statically corrected to eliminate air wave reflections and to get proper alignment of the zero time to the surface. If required, GPR profiles were merged to obtain complete longitudinal or cross profiles. A bandpass filter (bandpassbutterworth) was then applied to reduce high-frequency and low-frequency noise and to improve the signal-to-noise ratio. A background removal filter was applied to reduce horizontal clutter and a signal amplification filter (gain function) to equalise the rapid signal loss with depth. In a next step the irregular trace distances, which are a result of time-triggering on a blocky surface, were equidistantly distributed with the 'make equidistant traces' filter. The GPR profiles were then migrated to correct geometrical irregularities such as dipping slopes, planar reflectors and hyperbolas (Hubbard and Glasser, 2005) . Finally, a constant velocity migration filter (Fk migration), which is based on a two-dimensional Fourier transform over time and space, was applied (Stolt, 1978) .
To estimate the mean subsurface radio wave velocity (RWV), artificial curves were fitted to apparent diffraction hyperbolas. The velocity of the artificial fitted curve is a good approximation for the mean subsurface velocity between the diffraction hyperbola and the surface (Daniels, 2004; Brandt et al., 2007) . A variance of ±10% (Jol, 2009 ) is expected. For the time-to-depth conversion, a mean RWV of 0.13 m/ns was specified, based on the results from the curve fitting. On glaciers a mean RWV of 0.167 m/ns was assumed. Estimated mean RWVs between 0.15 and 0.17 m/ns are interpreted to indicate high subsurface ice content. Note that the mean subsurface velocity from curve fitting is associated with uncertainty and not a direct signal for ice or ice content but can be an indicator.
Geomorphological mapping
The geomorphological characteristics of both ice-debris complexes were extensively studied in order to distinguish geomorphological features and to classify different landforms. The geomorphological map is a synthesis of the field and remote sensing based investigations. The distinct boundaries were drawn based on interpretation of the high resolution Pléiades image and field work in September 2014 and August 2015. Mapping was completed according to the geomorphological mapping legend developed at the University of Lausanne (Lambiel et al., 2013) . It was chosen because it is very suitable in high and middle mountain regions . Geomorphological symbolisation was predefined, but was manually adapted for some classes.
Results

Inventory of ice-debris complexes
On the south-eastern margin of the Ak-Shiirak range several vast ice-debris complexes are apparent in front of glaciers and below steep, highly eroded rock walls. A total of 74 ice-debris complexes, covering an area of 11.2 km 2 , were identified and mapped (Figure 4) . The ice-debris complexes cover about 0.8% of the total study area (1395 km 2 ) and about 3.2% of the glacierised area (~348 km 2 in the year 2008 ).
Ice-debris complexes are most prominent on the southern and eastern part of the Ak-Shiirak range and on south-facing slopes in the inner valleys. About 55% (n=41) occur on southern or eastern slopes. More than 80% (n=64) of the mapped ice-debris complexes have an aspect between east and southwest. The mean minimum altitude at the fronts is 3890 m asl. (Table I ). The mean minimum altitude of ice-debris complexes is highest on south-facing slopes and lower on north facing slopes. A similar north-south trend can be found for the mean elevation. The mean elevation range is 137 m. A mean length of~710 m and a mean width of~290 m was calculated for the 74 ice-debris complexes. The mean slope is about 11.4° (  Table I) . Along the whole Ak-Shiirak range, the occurrence of permafrost is either likely or very likely (see Permafrost Zonation Index (PZI) by Gruber, 2012) (Figure 4) and also confirmed by our own field measurements close to the glaciers (Figure 3 ) and measurements by Marchenko et al. (2007) . The mapped ice-debris complexes are all located in the dark purple zone (permafrost in nearly all conditions) apart from two large ones in the north. For the inventoried ice-debris complexes, a mean PZI of 0.798 (standard deviation 0.239) was thus calculated.
Radar profiles
The GPR profiles taken on the glaciers and ice-debris complexes Chon-Saj and Geologov revealed reflections with varying depth and intensity depending on location and the homogeneity of the investigated subsurface. In the following, selected characteristic profiles are presented ( Figure 5 ). The most striking GPR reflections were recorded on the glacier tongues ( Figure 6 ). Homogeneous glacier ice without water does not cause radar reflections and thus the electromagnetic waves are reflected at the glacier bed. The highest measured thickness at both glacier tongues was about 100 m. Most parts of the tongues show no internal but clear reflections at the bed. These characteristics are, along with the fact that the glacier is probably surrounded by permafrost (Figure 4) , indicative of the presence of cold ice. The diffuse reflection close to the bedrock at the profile of Chon-Saj glacier (Figure 6(A) ) is probably caused by liquid water and is thus an indicator of temperate ice (Irvine-Fynn et al., 2006) . Glacier extents from 1964 and 1980 reveal glacier retreat of about 300 m for Chon-Saj glacier (Figure 6(A) ) and up to 700 m for Geologov glacier (Figure 6(B) ). The profile indicates also that large parts of the profile measured on the former glacier seem to be homogeneous as the measurements do not show pronounced internal reflections ( Figure 6 ). The chaotic returns in the first 100 m of profile Figure 6 (B) is due to the presence of water in the glacio-fluvial plain.
GPR profile cc 0 reveals insights along a cross profile of the tongue of Geologov glacier and adjacent moraines (Figure 7) . The most prominent element of this profile is the convex shaped glacier bed. On the orographic left side of the glacier tongue (close to c'), an up to 60 m high lateral moraine is present. The morainic part shows a large almost reflection-free GPR pattern close to the surface, which can be interpreted as buried massive ice. This ice-core has a thickness of about 30 m (Figure 7) .
Results from hyperbolic fitting revealed subsurface velocities of 0.15 m/ns (n=12) for the glacier tongue of Chon-Saj glacier and 0.16 m/ns (n=4) for Geologov glacier. A mean hyperbolic velocity of 0.15 m/ns (n=9) was calculated for the glacier tongue on the cross profile of Geologov glacier (Figure 7) .
GPR profile dd' (Figure 8 (A)) shows a cross-section in the middle part of the ice-debris complex below Chon-Saj glacier (see Figure 5 (A)). The most striking element is a 200 m long subsurface reflector starting in the middle (at 300 m) of the profile at a depth of about 18 m. The reflector is slightly dipping to a maximum depth of more than 30 m (at 500 m). More distinct reflectors are found in the lower part (500-640 m) of the profile at various depths. Between the surface and the reflectors a relatively homogeneous part with only weak reflections are present. In the upper part (0-300 m) no subsurface reflections are found. GPR stratigraphy is here similar to the glacier forefield of Chon-Saj glacier (see Figure 6 (A)). A mean subsurface velocity of 0.13 m/ns (n=10) was calculated.
The longitudinal GPR profile ee 0 was measured along the orographic left side of Geologov glacier and can be divided in two parts (Figure 8(B) ). The first (lower) part is located on a lateral moraine while the second (higher) part is characterised by a wider debris feature where ice cliffs are also located. For the lateral moraine a mean subsurface velocity of 0.13 m/ns (n=45) was calculated. On the higher debris part of the profile a slightly higher mean subsurface velocity based on hyperbola fitting of 0.14 m/ns (n=4) was found.
The last profiles presented are located at the lower part of the ice-debris complexes characterised by thick debris layers without the presence of visible subsurface ice.
Profile ff 0 ( Figure 9(A) ) is a diagonal cross profile of the icedebris complex Chon-Saj. The GPR measurements revealed several reflectors at various depths. Most of the reflectors are surface-parallel or slightly slanting. A strong reflector is found at 30 m depth (130-170 m). A 70 m long, slightly emerging layer at 25-30 m depth is apparent in the upper part of the profile (560-630 m). Subsurface velocity based on hyperbola fitting was 0.14 m/ns (n=4).
Profile gg' (Figure 9(B) ) was taken along the lower part of the ice-debris complex Geologov. The GPR pattern reveals a layering of surface-parallel reflections in the lower part (0-220 m) and more undulating GPR reflection bands with reflectors slanting to the surface in the upper part of the profile (220-570 m). Reflections can be identified up to a depth of about 50 m. A mean subsurface velocity of 0.1 m/ns (n=29) was calculated for this profile indicating low ice content.
Surface elevation changes and coherence DEM differencing reveals a significant surface lowering of the glaciers between 1964 and 2015, on average more than 20 m for Chon-Saj glacier and more than 30 m for Geologov glacier (Figure 10(A), (B) ). The maximum lowering of~80 m was identified between the 1964 and 2015 termini positions of Chon-Saj glacier (Figure 10(A) , a). Significant lowering was also found in front of the mapped glaciers probably due to subdebris ice melt. The areas where the presence of ice cliffs and the GPR measurements confirm high ice content show also a clear surface lowering, in places exceeding 20 m The parts of the ice-debris complexes that show the presence of ridges and furrows remained relatively stable over at least the last 50 years. The slight elevation gain at the front of the Geologov complex (Figure 10(B) , e) can be explained by advance which is typical for rock glaciers (Kääb et al., 1997; Abermann et al., 2010) . Indications for surface elevation gains can also be found at the frontal part of the Chon-Saj complex (Figure 10(A) , e). These gains could also be due to advance, but the signal is not significant as the probable stable terrain shows similar patterns of elevation gains.
The DEM differences show potentially large surface lowering in the higher areas with steep slopes which are probably errors caused by mismatches due to low image contrast. In addition, it is well known that the accuracy of DEMs decreases with increasing slopes (Kocak et al., 2004; Pieczonka et al., 2011) . The large surface lowering visible in the upper part of the accumulation regions which continue to the non-glacierised areas (Figure 10(A), (B), d ) stem from errors in the DEMs. These areas are at the edges of individual Corona DEMs that were mosaicked to a single DEM , and as such some erroneous elevation values are to be found.
The coherence images provide relevant information about the activity and processes at the surface (Figure 11 ). Low coherence outside the identified glacier-ice-debris complexes are probably caused by gravitational mass movements which can be expected at steep mountain slopes in a periglacial 
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environment. Glacier melt and movement causes also a loss of coherence ( Figure 11, arrows a) . This is also true for melt of subsurface ice, exposed ice cliffs and possibly also slight movements at the surface (b, c). Coherence loss at slopes of the moraines may also indicate melt of an ice core or significant surface creep (d). Water ponds also caused loss of coherence (e). Loss of coherence at the rock glacier fronts (f) confirms their slight activity.
Interpretation and discussion
Rock glacier and ice-debris complexes in Ak-Shiirak
We identified 74 rock glaciers and ice-debris complexes, covering an area of 11.2 km 2 , while Titkov (1985) and Gorbunov and Titkov (1989) describe 50 rock glacier landforms covering an area of 13.7 km 2 out of which the inactive forms cover about 60%. Unfortunately, a map or digital outlines of the former rock glacier inventory (Titkov, 1985; Gorbunov and Titkov, 1989) is not available. The differences in number may stem from different definition and delineation of rock glaciers and ice-debris complexes. In general our results are in line with these previous studies, for example, most of the ice-debris complexes are south-exposed and elevation increases from north to south. A reason for this north-south trend is probably the stronger direct solar radiation on south-facing slopes causing less ice cover, and hence more availability of erosive material. Moreover, glaciers on northern slopes terminate to lower elevations into areas where otherwise rock glaciers could develop. A further reason is the occurrence of schistose which are less favourable for the development or rock glaciers (Gorbunov and Titkov, 1989) . We also found several debris-landforms which might stem from former glacier termini with debris cover as described in Bondarev (1961) , e.g. for Koinandy and Fanshaped glaciers located in the same valley as Geologov glacier. These ice-debris bodies are well preserved as the mapped ice-debris complexes are all located in areas where permafrost is likely in nearly all conditions (Figure 4 ) and the debris thickness probably exceeds the active layer thickness. Two large icedebris complexes in the north-east occur at relatively low elevations. One explanation for the low elevation is that large rock fall events during a period of colder temperature (e.g. LIA) occurred, inflowing water froze, ice lenses grew through aggradation and the thick debris layer prevented the ice from melting (Johnson, 1984; Bolch and Gobunov, 2014) . However, the exact reason needs to be further investigated.
The size of the ice-debris complexes and rock glaciers is similar to those of the northern Tien Shan of Kazakhstan and Kyrgyzstan (Bolch and Gorbunov, 2014) , but larger than those in the eastern Tien Shan (Wang et al., 2017) . Ice-debris complexes with similar sizes and characteristics are common in the Andes of central Chile and northern Argentina (Brenning, 2005; Falaschi et al., 2014; Monnier et al., 2014) . Rock glaciers in the Alps (Frauenfelder et al., 2003; Scotti et al., 2013) or the Rocky Mountains (Janke, 2007) are on average smaller in size.
Structural and geomorphological characteristics, genesis and evolution
The appearance of the ice-debris complexes is a result of Holocene glacier oscillations, debris supply mainly from the surrounding rockwalls and can only be understood considering both permafrost conditions and glacier changes (Haeberli, 2005) .
The two investigated complexes show several similarities but also differences. Both complexes are located below the glacierised part (indicated in light and dark blue) and can be subdivided into two main units (Figure 12 ) following the terminology by Kääb et al. (1997) : the part covered by glaciers during the Little Ice Age (glacier-affected part, purple), and the periglacial part (pinkish colours). Most obvious are the mostly debris-free glaciers which have significantly retreated and lost mass during recent decades, as also reported for glaciers across Ak-Shiirak and elsewhere in Tien Shan (Aizen et al., 2006; Farinotti et al., 2015; Pieczonka and Bolch, 2015; Goerlich et al., 2017) . The presence of permafrost (Marchenko et al., 2007; Gruber, 2012; Figures 3, 4) indicates that large parts of the glaciers are cold. This is in line with the GPR measurements ( Figure 6 ). The termini of the glaciers are well identifiable except where the medial moraine of Chon-Saj glacier is located. In the upper part, both glaciers show supraglacial debris on their margins below heavily eroded steep rock walls. Field visits and interpretation of the satellite imagery indicate increasing debris thickness on the lateral parts with gradual transitions to ice-cored moraines on the eastern branches, as well as on the western part below Geologov glacier (Figure 12 ). The GPR measurements confirm the existence of ice cores (Figure 7) . Specifically the ice-cored moraines of Geologov glacier show pronounced ice-cliffs and the presence of massive ice (Figure 2(D) ). We interpret the GPR profile of this moraine (Figure 8(A) ) as icedebris mixture with relatively high ice content and the presence of massive buried ice. High ice content is confirmed by significant surface lowering for the period 1964-2015 as well as a loss of coherence of the radar images. The main reason for the surface lowering despite permafrost conditions and thick debris cover is the presence of ice cliffs, the effect of which has been described for ice-cored moraines elsewhere (Schomacker and Kjaer, 2008) . Ice cliffs are also hot spots of glacier melt on debris-covered glaciers (Sakai et al., 2002; Ragettli et al., 2016) . This ice-cored moraine shows similarities to a debris-covered glacier. However, visual interpretation of multi-temporal satellite imagery shows no clearly identifiable surface displacements since the 1960s, and the GPR measurements at the ice-cored moraine do not show a homogeneous ice body. The loss of coherence might therefore be more a result of melt processes; emerging water on the side the ice-cored moraine at Chon-Saj glacier was visible during fieldwork.
The glacier-affected parts of the ice-debris complex consist, besides the ice-cored moraines, of smaller glacio-fluvial plains. These plains were exposed after glacier recession and are characterised by debris-covered dead ice, subsurface ice and lateral moraines with relatively high ice content. Clear lowering in front of the mapped glaciers is probably due to sub-debris ice melt. In line, surface parallel reflections of the GPR measurements (not shown here, we refer to Rohrbach, 2015) hint at high ice content. The newly exposed glacier forefields are likely also affected by ice aggradation under the permafrost conditions in the study region. Hence, new ground ice can coexist with relict buried sedimentary ice (Etzelmüller and Hagen, 2005; Kneisel and Kääb, 2007) .
However, the temperature increase provoked a thickening of the active layer causing ice melt at the permafrost table (the ground temperature measurements indicate a current active layer of 1 m or more). Chon-Saj has a larger hummocky surface with several thermokarst depressions and apparent ice cliffs with an elevation of several tens of meters (Figure 2(B), (D) ). These geomorphological characteristics can be verified with the clear GPR reflectors found in profile dd' (Figure 8(A) ). This area shows also a loss of coherence, and clear surface lowering (Figures 10, 11(A) ). Hence, this part contains large bodies of buried massive ice with thicknesses of on average 20-30 m. The ice is probably a remnant from a former glacier extent. The debris cover thickness varies from 20 cm to more than 1 m (measured at a few locations during fieldwork), and, hence, significantly reduces melt (Nicholson and Benn, 2006) . However, the debris cover is inhomogeneous with thin layers and favours the occurrence of ice cliffs where significant ice melt occurs.
The periglacial part of the ice-debris complex can be separated into a few different sections (Figure 12 ). Most characteristic are the sections with ridges-and-furrow structures which typically match upslanting GPR reflectors (Florentine et al., 2014) also measured in profile gg' at Geologov (Figure 9(B) ). These regular ridges are often seen as being characteristic for permafrost creep (Barsch, 1996; Degenhardt et al., 2003) . However, these parts are located below the glacio-fluvial plain, Figure 12 . Geomorphological characterisation of the glacier-ice-debris complex Chon-Saj (A) and of the glacier-ice-debris complex Geologov (B).
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show no visible change in surface elevation (Figure 10) , almost no loss of coherence (Figure 11 ) and only very little surface displacements since 1964 (as visually interpreted). Hence, it is likely that the ridges stem mainly from glacier advances during the Little Ice Age pushing frozen material as described by Haeberli (1979) , Monnier et al. (2011) and Bosson and Lambiel (2016) for smaller similar ice-debris complexes in the Alps, and Monnier et al. (2014) for a similar large complex in the Andes. However, these parts cannot be fully stagnant as they consist of sharp, angular boulders at the surface and the entire landform shows active fronts (as indicated by the characteristics of their fronts and the coherence images, Figure 11 ).
Both Chon-Saj and Geologov show various thermokarst depressions of up to 10 m which probably developed from the melting of buried ice lenses. Some of the thermokarst depressions are filled with water which further enhance ice melt indicated by surface lowering (Figure 10(A), c) .
The investigated ice-debris complexes have a part with weak ridges, a relatively smooth surface, some vegetation and more rounded boulders close to their fronts and where the GPR measurements show no or only weak surface parallel reflectors (Figure 9(B) ). This is a sign of low vertical compaction with low longitudinal deformation and hints to a lower ice content (Monnier et al., 2011) which is in line with the measured lower subsurface velocities of the GPR beams. These parts are probably of older age (Figure 12 ).
The main difference between the two ice-debris complexes is that the complex below Geologov glacier consists of larger blocks, whereas the complex below Chon-Saj glacier has smaller blocks and shows pronounced thermokarst depressions and ice cliffs. A further difference is the occurrence of a probably inactive part at the very front of Chon-Saj complex where coherence indicated no activity. The differences between the two complexes can be attributed to differing topographic settings and lithologies (Gorbunov and Titkov, 1989) .
The genesis and origin of the ice within these rock glaciers can only be speculated upon. Already Bondarev (1961) described the frequent occurrence of debris-covered dead ice bodies in front of larger glaciers in Ak-Shiirak. He explained them as remnants of former glacier extents where debris cover restricted ice melt and the debris-free parts retreated significantly due to temperature increase. However, it remains unclear why the current glaciers are mainly debris free. Other investigated examples of ice-debris complexes show no such large gap between the glacier and the rock glacier, but instead a transition of debris-covered glacier to a rock glacier. These transitions were either interpreted that a rock glacier preexisted the debris-covered glaciers and/or can be clearly separated (Monnier et al., 2014; Dusik et al., 2015) or as an evolution of a debris-covered glacier into a rock glacier (Janke et al., 2015; Kinnard, 2015, 2017) , In periods of negative mass balances the debris-covered glacier would either be stable or retreat while the rock glacier would continue to gradually creep downslope, leading to a disconnection . However, in our case the upslope glaciers almost debris free. Rock glaciers in northern Tien Shan (Bolch and Gorbunov, 2014) and the interaction of debris-free Gruben glacier with Gruben rock glacier (Switzerland) seem to provide a comparable case (Kääb et al., 1997) .
We speculate that, in addition to the continuous debris supply, a few large rock fall events, e.g. triggered by earthquakes (Lukk et al., 1995) , buried glacier ice, the thick debris-cover was then transported with the glacier downvalley, the debris and permafrost conditions hindered ice melt and with increases in temperature the debris-free glaciers subsequently retreated. It is also possible that the debris was transported to this location due to surge events as surging glaciers are common in the study area (Dolgushin and Osipova, 1975; Mukherjee et al., 2017) . Glacier oscillations contributed additional debris and caused the current appearance. The appearance of the rock glaciers is slightly altered by slow permafrost creep. However, this theory needs further in situ investigation and especially modelling of the debris supply, transportation and deposition considering (rock) glacier flow and ice melt.
Implications for glacier mapping and hydrology
The GPR measurements confirm the in parts large ice content in the ice-debris complexes. Specifically the glacier-affected parts consist of areas with high ice content where the DEM differencing revealed significant downwasting. Hence, ice loss occurred in these areas which also contributed to the overall runoff. However, these areas are not included in glacier inventories, e.g. the different versions of the Randolph Glacier Inventory (RGI, Pfeffer et al., 2014) or the glacier outlines available from GLIMS (www.glims.org). Glacio-hydrological modelling (Aizen et al., 2007; Hagg et al., 2007; Duethmann et al., 2015 Duethmann et al., , 2016 typically focuses on glaciers only, and neglects other sources of melting ice. Hence, improved knowledge about the occurrence and hydrological importance of these ice-debris complexes is needed. However, their identification, classification and analysis are not straightforward. This is specifically due to the debris cover and their complex nature. The rock glacier part is more easily identifiable due to their specific surface characteristics (Barsch, 1996; Bolch and Gorbunov, 2014; Schmid et al., 2015) . Medium resolution Landsat imagery allows the identification of larger rock glaciers but smaller ones cannot be clearly identified (Paul et al., 2003; Bolch and Gorbunov, 2014) . The increased availability of high resolution images from different sensors and from Google Earth or similar engines facilitates the mapping of rock glaciers (Schmid et al., 2015) and icedebris complexes. Moreover, SAR interferometry (inSAR) has proven to support rock glacier mapping as surface displacements can be identified (Strozzi et al., 2004; Wang et al., 2017) . For hydrological purposes the identification of dead ice bodies and ice-cored moraines adjacent to the glaciers is most important. Besides high resolution imagery, differencing of DEMs and investigations of surface displacements have been shown to provide evidence of melting ice (Kääb et al., 1997; Kneisel and Kääb, 2007; Monnier et al., 2014) . Observed thinning at the ice-debris landforms is mainly due to melting of subsurface ice, and is therefore quantifiable by differencing of high resolution DTMs.
Estimating the exact ice content of ice-debris bodies is difficult as subsurface information is needed and still only available for a few rock glaciers. Ice content of rock glaciers can vary between less than 40 and 80% (Schrott, 1996; Arenson et al., 2002; Croce and Milana, 2002; Haeberli et al., 2006) . Rough estimations of the ice content of rock glaciers for a larger region based on empirical formulas exists (Bolch and Marchenko, 2009; Azócar and Brenning, 2010; Jones et al., 2018) , but the uncertainties are large. In our study, we were not able to quantify the ice content of the ice-debris complex. However, GPR measurements, DEM differencing and especially the hyperbola fitting confirm decreasing ice content from the ice-cored moraines to the front of the rock glaciers.
Comparable decreasing ice content was also reported elsewhere (Fukui et al., 2008; Monnier et al., 2012 Monnier et al., , 2014 Janke et al., 2015) . To estimate the total ice content and to compare it with the glacier ice volume requires knowledge of the percentage of ice as well as the volume of the whole landform. However, volume estimation was not possible as the GPR 140 T. BOLCH ET AL.
measurements did not show a clear subsurface reflector, as the signal often fades out with increasing depth. In addition, simplified geomorphometric approaches are not suitable to derive volumes due to the complexity of the ice-debris landform (Humlum, 2000; Gärtner-Roer, 2012) . Hence, to obtain a full picture of the internal structure more detailed geophysical investigations are needed. Lower frequency GPR will allow measurement to greater depths but with the drawback of less detailed information. Geoelectric investigations are especially suitable for higher resolution results including detecting ground ice (Ribolini et al., 2010; Emmert and Kneisel, 2017) although the depth of application is quite limited and they require intensive and laborious fieldwork, and are therefore more suitable for smaller landforms.
Conclusions
It was shown in this study that a holistic investigation applying high resolution stereo imagery from recent years (such as SPOT6 and Pleiades data), and from the 1960s (declassified Corona data), SAR data (such as Sentinel-1) in combination with field investigations (especially ground penetrating radar and geomorphological mapping) is suitable to provide significant new insights into the formation, structure and degradation of large ice-debris complexes, which are common in many mountain ranges. In this case study overall 74 rock glaciers and ice-debris complexes with an area of more than 11 km 2 (3.2% of the glacier coverage) were identified in the Ak-Shiirak range, Central Tien Shan. Most of the complexes are facing south and southeast. The ice-debris landforms can typically be divided into a part affected by the glacier extent of the Little Ice Age (LIA) and glacier oscillations, and a periglacial part which evolved prior to the LIA. The glacier-affected part is characterised by high ice content with massive ice bodies and significant surface lowering during recent decades. The periglacial part is characterised by rock glaciers of different ages and surface appearances and consists of ice-debris mixtures with decreasing ice content towards the tongue. The regular ridges at their surfaces could be push moraines. The surface elevations did not show significant differences, but local lowering occurred due to melting of ice lenses, specifically at small lakes. Elevation gains at the fronts indicate advances. The location of the rock glaciers in front of the debris-free glaciers can partly be explained by remnants of debris-covered ice located in permafrost conditions. However, more detailed in situ investigations and flow modelling are required for a better understanding.
These complexes should be considered in future glacier inventories, included in databases (such as the GLIMS database) and when assessing the hydrological impacts of climate change. Despite uncertain ice content, it can be assumed that due to the slower responses of such landforms compared with glaciers, these ice-debris complexes will become more important for hydrological discharge with continued atmospheric warming, as the reaction to climate of the debris bodies is delayed compared with glaciers.
